Introduction
The Mediterranean has the distinction of simultaneously being one of the smallest, most accessible, most closely studied and least understood of all the major salt-water basins in the world. It is probably the largest body of water to have repeatedly repelled efforts to classify it in terms of simple seafloor spreading models. Perhaps not coincidentally, it is also the largest to be underlain by a thick accumulation of evaporites. It is too small to allow easy comparison with the oceans, too deep t o be compared with intracontinental basins such as the North Sea, and for its size, surrounded by an inordinate variety of complex geology.
The Mediterranean is generally recognized to be divisible into two sections. The demarcator runs SW from Sicily to Tunisia, the area to the east of this being substantially older than that t o the west. On a small scale this makes tectonic interpretation easier because a model explaining local development in one half need not have implications on the other.
On a large scale, the heterogeneity across the whole basin complicates any model proposing to explain its entire development.
The volume of data on the Mediterranean is large and growing, and a number of attempts at synthesis of the whole basin's history exist in the literature, among them Hsii (1977) , Biju-Duval, Letouzey & Montadert (1978) , and Smith & Woodcock (1983) . In spite of these, a great deal of Alpine/Mediterranean history remains unclear.
The Tyrrhenian Sea ( Fig. 1 ) is a small, deep, triangular basin in the western Mediterranean bordered by Italy t o the NE, Sicily and Calabria to the south, and Sardinia and Corsica to the west. It has been the subject of a wide range of geological and geophysical studies, the results and implications of which have been reviewed by a number of authors, and perhaps most cogently by Boccaletti & Manetti (1978) .
The Tyrrhenian bears resemblance to larger ocean basins in morphology if not in scale, in having (1) an abyssal plain reaching depths of 3500 m, (2) numerous seamounts, and ( 3 )
well-developed continental shelves. The latter are divided in places by ridges parallel to the coast line which act as sediment traps to form a number of Peri-Tyrrhenian basins.
General features point to the basin being young. Substantial seismic reflection coverage (e.g. Fabri & Curzi 1979) indicates that the thickness of sediments in the abyssal plain is in general less than 1.5 km. The uppermost 200-300 m is unconsolidated Pliocene and Quaternary ooze, much of which is underlain by a discontinuous layer of Messinian (late Miocene) evaporites. The evaporites attain a substantial thickness only in the western part of the basin off the coast of Sardinia and thin to nothing towards the east (Malinverno 1981; Malinverno et al. 1981) .
The origin of the evaporites is a matter of continuing debate. It is generally agreed that the deposits must have formed in shallow water (Hsii, Cita & Ryan 1973) but there is no agreement on the morphology of the basin in which this happened. Some investigators favour an inland shallow sea environment (Fabri & Curzi 1979; Selli & Fabri 1971; Curzi, Fabri & Nanni 1980) , which requires a rapid subsidence of the basin during the early and middle Pliocene. Others prefer a desiccated deep basin model (Ryan & Cita 1978; Cita 1982; Hsii et al. 1978b; Ryan 1976 ) which requires mid-to late Miocene (pre-Messinian) development of a deep basin. The crucial arguments are whether the crust on which the thickest evaporitic deposits formed could have been at shallow depths during the Messinian and whether the topography would have restricted those deposits to the western part of the basin.
Basement rocks recovered by dredging from seamounts in the Tyrrhenian show a wide range of compositions and origins. A number of seamounts in the northern half of the basin (e.g. Baronie, Cassini, Secchi, Flavio Gioia), which are not associated with strong magnetic anomalies, have yielded schists of probably Hercynian age, as well as other rocks of obviously continental origin (e.g. Bocalletti & Manetti 1978) . By contrast, a second group of seamounts on the southern and eastern margins of the Tyrrhenian (Quirra, Anchise and Palinuro seamounts) are thought to resemble the alkali-basalt rocks of Ustica Island in composition (Selli 1974; Del Monte 1972) , although a calc-alkaline composition has also been suggested for Palinuro (Barberi et al. 1974) . Finally a third group known as the central Tyrrhenian seamounts (Magnaghi, Vavilov and Marsili seamounts) appear to be composed largely of tholeiitic basalts (Barberi et al. 1973) . East of Vavilov Seamount, MOR type basalts were recovered from basement by DSDP hole 373A at a depth of 270 m below the seabed (Dietrich et al. 1978) . These have been dated at 7 f 1.3 Myr (Barberi er al. 1978) confirming the young age of the basin. The other DSDP hole (132) delineated a sequence of Pleistocene/Pliocene pelagic oozes overlying late Miocene evaporites without reaching igneous basement .
Seismic refraction data collected to date suggest a generally oceanic nature for the abyssal crust with an unquantified degree of lateral heterogeneity (Nicolich 1981 ; Recq et al. 1984; Fahlquist & Hersey 1969; Ewing & Ewing 1959; Finetti & Morelli 1973 ). The Moho is 10-15 km below sea surface in the abyssal plain but the transition to continental crust at J . Duschenes, M. C. Sinha and K . E. Louden T y r r h e n i a n S e a the shelves is poorly resolved. The locations and results of crustal seismic refraction surveys to date are shown in Fig. 2 . An additional long refraction profile crossing the Tyrrhenian from SE to SW, which provides Moho delay times but no indications of crustal structure, is reported by Steinmetz er a2. (1983) . The magnetic field does nor support any hypothesis of regular seafloor spreading (Lort 1977) , and no linear anomalies are recognized except possibly on Marsili seamount (Selli 1970) . The field is more closely associated with the numerous seamounts, as is the observed free air gravity anomaly (Morelli 1970) . The Bouguer anomaly field suggests the existence of high density material at shallow depths -it reaches values of 200 mgal over the centre of the basin (Lort 1977) . The heat flow is generally high (Hutchison et al. 1985) , suggesting (Papazachos 1973) . Gaps in seismicity appear to exist at depths of 100-200 and 350-450 km. Studies of Pn velocities and surface wave dispersion are consistent with an oceanic model of the basin but do little to constrain its evolutionary pattern (e.g. Bottari & Lo Guidice 1975; Panza & Calcagnile 1979) . Nearly all the continental geology surrounding the Tyrrhenian pre-dates the basin, some of it (e.g. Sardinia where there is clear evidence o f the Caledonian orogenies) by almost the entire Phanerozoic time period. The geology of mainland Italy is composed primarily of Miocene and pre-Miocene compressive features, but there exists all around the Tyrrhenian evidence of post-Miocene extension, generally aligned parallel to the coastline (Boccaletti & Manetti 1978) .
Four types of magmatic rock of Cenozoic origin are recognized around the margins of the Tyrrhenian. O f these perhaps the most interesting is the calc-alkaline series which bears resemblance to rocks of the western Pacific island arcs. Such rocks are found in Sardinia, on the mainland, and in the Eolian Arc (Boccaletti & Manetti 1978) . The Eolian Arc is presumed to be associated with the Calabrian Benioff Zone (Barberi et al. 1974) , though the relationship of the other occurrences of calc-alkaline suites to subduction is less obvious.
The developmental history of the basin is a matter of current contention, and the only one of several hypotheses which has lost all credibility is that the Tyrrhenian is a relic of the Tethys Ocean (e.g. Glangeaud 1962 ). The dates of the DSDP basalts are clearly incompatible with this. Models which have been proposed more recently postulate:
(1) That the Tyrrhenian is a result of oceanization and foundering of a continental block (e.g. Morelli 1970; Heezen et al. 1971 ). Such a model regards vertical tectonics as the dominant force and considers the present Tyrrhenian crust to be remnants of the former continental crust heavily intruded by more basic material.
(2) That the Tyrrhenian is a back-arc basin formed by back-arc spreading since the midMiocene (e.g. Boccaletti & Guazzone 1972; Horvath, Berckhemer & Stegena 1981 ; Horvath & Berckhemer 1982) . This model clearly puts horizontal tectonics ahead of vertical tectonics in importance.
(3) That the Tyrrhenian opened through a combination of rifting and shearing along the Tunisian-Sicilian Maghrebides accompanied by anti-clockwise rotation of the Apennines (Scandone 1979) . While seemingly consistent with available geological and geophysical data, the model presents a variety of kinematic problems south and SW of the basin (Calcagnile e f al. 1981) .
(4) That the Tyrrhenian developed in the wake of a microplate (Calabria) which originated at the south coast of France (Alvarez, Cocozza & Wezel 1974) . It began to rotate away from France in the late Oligocene together with two other small plates, but by the late Miocene, the two others (Corsica and Sardinia) had collided with the Northern Apennines and Tunisia respectively. Calabria continued moving east, developing the ocean basin behind it as it went.
( 5 ) That the Tyrrhenian is underlain primarily by thinned continental crust (Malinverno 1981) .
In light of this controversy, the present experiment was designed to quantify, more accurately than had been possible previously. the nature and degree of the gross lateral heterogeneity of the crust; and if possible to delineate the history of the basin through its structure. This was to be done by carrying out three refraction lines approximately parallel to geological strike, so as to minimize heterogeneity along the lines and maximize it between lines. Previous refraction efforts had not been able to resolve sufficiently well either the entire crustal structure below a given experiment, or the continuity of internal structures from line to line.
Ultimately for reasons beyond our control, the third line was not carried out. Presented below however are the results of two 100 km long N-S refraction lines shot in 1981
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The seismic refraction experiment
The seismic experiment was shot using 'Geophex' explosives as near-surface sources, and Cambridge Deep-Ocean Geophones (DOGS) (Duschenes, Potts & Rayner 1986) as seabottom receivers. On both lines, navigation was by means of both LORAN-C and satellite fixes.
Line T1 was carried out in the most westerly part of the abyssal plain, the Cornaglia Basin, in water averaging 2700 m depth (Fig. 3 ) . The seabed is mostly flat lying and the area is believed to have a covering of about I km of evaporites below the Pliocene and Quaternary sediments. A detailed account of this sequence can be found in the description of DSDP hole 132 drilled near the northern end of the line ). An interpreted line drawing of a seismic reflection profile shot along line T I , showing shot point and receiver positions and the distribution of superficial sediment cover, is presented in Fig.  4 . Five Deep-Ocean Geophones were used as receivers. R1 at the northern end of the line, R3 at the centre of the line and R5 at the southern end of the line were all fitted with threecomponent geophones as well as hydrophones. R2 and R4 were fitted with hydrophones only. Forty-five shots varying in size from 25 to 250 kg, and totalling 3150 kg of 'Geophex', were detonated along the line at depths of between 59 and 197 m.
Line T2 was carried out in the central part of the abyssal plain, in water averaging 3500 m depth (Fig. 5 ) . The seabed here is again mostly flat, although there is substantial basement topography. The northern end of this line is close to DSDP hole 373A, which hit basalt dated at about 7 Ma at a depth of 270 m below Pliocene and Quaternary sediments (Barberi et al. 1978) . Four receivers were used on this line: R1, the only instrument fitted with geophones, was at the northern end of the line; R2, R3 and R4, all fitted with hydrophones only, were progressively farther south. Three thousand, two hundred and seventy-five kilograms of Geophex were detonated in 45 shots again ranging in size from 25 to 250 kg, at depths between 43 and 207 m. An interpreted line drawing of a reflection profile along T2 is shown in Fig. 6 . The reflection profiles on both lines were shot using a 2.62 litre airgun and a single-channel hydrophone streamer.
3 Seismic data analysis Shot detonation times were measured using a hydrophone towed from the ship, and corrected for the known flight times and ship's speed. The shot depths and sink rates for different charge sizes were determined using both the sea-bottom reflection times and the bubble pulse periods of the shots. To obtain shot-receiver ranges, the shot-points were located by using a combination of LORAN-C and satellite fixes. The receiver positions were accurately determined from the water-wave arrival times of nearby shots, using ray-tracing through the water column velocity structure which was measured by expendable bathythermograph profiles and a sound velocity meter dip. The analogue (FM) seismic records were anti-alias filtered and digitized, and the results were plotted as record sections, with traces corrected for shot instants, clock drifts and shot detonation depths.
For the first stage of data analysis, first arrival times were picked using both unfiltered and band-pass filtered record sections from the hydrophone and, where available, horizontal and vertical component geophone channels. Travel-time-distance plots of these picks showed a considerable scatter of points of up to k0.3 s from average travel-time curves. Much of this was evidently due to near-surface structure indicated on the seismic reflection profiles. The travei times were therefore corrected for the effects of seafloor topography and varying sediment thicknesses.
The topographic corrections were made by subtracting delay times for ray segments between the shot-point or receiver and a horizontal datum plane, which coincided with the deepest observation of basement o n the reflection record. The delay times were calculated by ray-tracing through a stack of dipping layers beneath each shot-point and receiver. The depths and slopes of interfaces were measured from the reflection records. On line T2, travel times were corrected t o a datum plane at a depth of 4.45 km below sea-level. The upper sedimentary layer was assigned a velocity of 1.7 km s-' , based on the known thickness and two-way travel time through the layer at DSDP site 373 A (Hsu ef al. 1978a) . A deeper sedimentary layer seen on some parts of the record, which is not believed t o consist of evaporites, was assigned an assumed velocity of 2.5 km sC1. On line T1, travel times were corrected t o a datum plane at 3.37 km below sea-level. The upper layer of sediments was again assigned a velocity of 1.7 km s -l , and the acoustic basement, which has been shown by drilling to correspond t o the top of the Messinian evaporites in this area , was assigned a velocity of 5.0 km s-l . This high value is based on laboratory measurements made on DSDP samples (Schreiber, Fox & Peterson 1973) . Topographic corrections calculated in this way rely on the assumption that seismic velocities are horizontally stratified below the datum plane.
The topographic corrections significantly reduced the scatter on the travel time-distance plots, allowing first arrival correlations t o be determined by least square fits. The apparent layer thicknesses and velocities so obtained indicated the presence of considerable lateral variations in seismic velocity structure along both lines, as discussed below. We therefore used ray-tracing through a laterally heterogeneous structure, including horizontal and vertical velocity gradients as well as non-planar interfaces (Cerveng, Molotkov & P5enEik 1977) t o obtain seismic velocity models consistent with the uncorrected travel times measured from the record sections. The results for line T2, which yielded a simpler structure than line T1, are discussed first.
R E S U L T S F R O M L I N E T 2
Least squares fits t o the topographically corrected data from line T2 produced a structure consisting of an upper crustal layer with apparent P-wave velocities in the range 4.2-6.3 km s-l , a lower crustal layer with V, in the range 6.1 -7.0 km sC1, and upper mantle with an apparent velocity of 8.3 kO.1 k m s-' and an apparent Moho depth of 10-12 km below sea-level ( Table 1 ) .
The observed travel times, without topographic corrections applied, were modelled by ray tracing. Variations in water depth and sediment thickness used in the model were taken from the seismic reflection profile. The four record sections from line T1, with travel times computed by ray tracing through the final model superimposed on the observed traces, are shown in Fig. 7 . Also shown in this figure are the ray diagrams corresponding to the computed travel times for the four receivers. Fig. 8 shows the best-fitting velocity model obtained from the ray tracing. Small discrepancies between observed and calculated travel times which remain in one or two places even in the best-fit model, especially a t short ranges, are probably the result either of off-line structures which cannot be included in the 2-D modelling process, or of local heterogeneity in upper crustal structure occurring at a wavelength which is t o o short to be resolved realistically by this experiment.
The results of the ray tracing indicate a structure which can be divided into four layers. The uppermost layer consists of the Quaternary and Pliocene ooze with low seismic km s-' at the top of the layer to approximately 6.9 km s-l immediately above the Moho. The Moho lies at 10 km below sea-level, and the upper mantle velocity is 8.0 km s-l. This structure is clearly indicative of oceanic crust. The upper crustal layer containing a steep velocity gradient corresponds to oceanic layer 2, while the lower layer with velocities of 6.6-6.9 km s-l corresponds to oceanic layer 3 (e.g. Spudich & Orcutt 1980) . Nearly all of the heterogeneity apparent on the travel times from T2 can be explained either by seafloor and basement topography or by lateral variations in the thickness of layer 2 and in the velocity at its top. The variations in basement velocity are required by the travel-time data, although the velocity at any point is only constrained to approximately f0.25 km s-l. The thickness of layer 2, the shape of the layer 2/layer 3 interface and the velocity at the top of layer 3 (6.6 km s-') are comparatively well constrained, as is the decrease in velocity gradient to about 0.1 s-' in layer 3 . The shape of the Moho interface is not well constrained, but the data require an upper mantle velocity of 8.0 f 0.1 km s-l, and are consistent with a flat Moho at a depth of 10 k 1 km below sea-level.
Total crustal thickness on line T2 is between 6 and 8 km, similar t o that found elsewhere for oceanic crust. However, the ratio of layer 2 thickness to layer 3 thickness is higher than usual, and the degree of lateral variability, particularly in layer 2, is much greater than that found elsewhere in oceanic crust away from fracture zones (e.g. Purdy 1983 ). It is this lateral variability that produces the scatter in apparent velocities obtained from timedistance data, and which would make it difficult unambiguously to characterize the crust beneath T2 as oceanic on the basis of plane-layer or dipping-layer solutions alone.
R E S U L T S F R O M L I N E TI
Travel-time data from line T1 were analysed in the same way as those from T2. However initial least-squares fits to topographically corrected travel times from different receivers produced both greater and more systematic variations in apparent structure than had been observed on T2 (Table 2 ). In particular, crustal apparent velocities along the northern half of the line are significantly lower than those on the southern half. The structure between R1 and K3 appears to include a lower crustal layer with V p = 6.6-6.8 km s-I between a lower velocity upper layer and the Moho. By contrast, between R3 and R5, the velocities observed for the lower crust are in the range 5.4-6.0 km s-' (Fig. 9) .
The data from receivers R2 and R4 unfortunately suffer from a poor signal to noise ratio, with very few pickable arrivals present at ranges beyond 25 km. The ray-tracing interpretation was therefore based primarily 011 the most reliable picks from R1, R3 and R5, although the results of the plane layer solutions, which included all the available data, were included as additional constraints on the model. Record sections from R1, R3 and R5 with travel times computed by ray-tracing superimposed on them, are shown in Fig. 10 , alongside the corresponding ray diagrams. The final model derived from the interpretation is shown in Fig. 11 . The two major features of the model which are required by the data are: (a) Thin crust along the whole length of the line. Intercept times of mantle arrivals indicate a maximum depth to the Moho of about 12 km below sea-level. (b) A major crustal discontinuity near the centre of the profile. The marked assymetry of the R3 record section is graphic evidence of this discontinuity. The high velocity lower crustal layer beneath the southern half of the line is not present beneath the northern half. The lower intercept times of mantle arrivals at R3 in both directions compared with those observed at either end of the line indicate a shallowing of the Moho beneath the centre of the line.
The crustal structure beneath the southern half of T1 is similar to that observed on T2, and we conclude that it is oceanic in character. The upper crustal layer, in which velocities increase rapidly from 5 . O to over 6 km s -l , corresponds to layer 2. The high velocity lower layer, with velocities increasing slowly from 6.6 to 6.9 km s-' , corresponds to layer 3. The Moho depth of 10-12 km gives a total crustal thickness (excluding sediments) of 6-8 km.
The data cannot accommodate any significant accumulation of evaporites in this area, as a steep velocity gradient is required close beneath the seabed. Such a velocity gradient is characteristic of layer 2, rather than evaporites in which velocity is not systematically dependent on depth in the same way. The crustal structure on the northern half of the profile is more problematical. The depth to the Moho is well constrained by observed mantle arrivals to about 12 km or less, but the absence of refracted arrivals from layer 3 at any range appears to preclude the presence of oceanic crust. The observed travel times can be modelled by a structure in which seismic velocities increase steadily from 4.9 km s-l at the top of the evaporites to 6.3 km s-' at the base of the crust. There is no evidence for any intracrustal discontinuity involving a sharp change in either seismic velocity or velocity gradient. In the absence of a steep velocity gradient in layer 2, it is not possible to constrain the thickness of evaporites, which have a velocity similar to those likely to be encountered near the top of the crystalline crust. We have therefore assumed a thickness of approximately 1 km. In the absence of a high velocity lower crust (layer 3), we conclude that the crust beneath the northern half of TI is of continental origin, even though it is less than 8 km thickunusually thin even for 'stretched' continental crust. The implication of this is that an ocean-continent boundary is present near the centre of T1, close to the position of R3. Surprisingly this is not reflected in either the water depth or the crustal thickness on either side of the boundary, even though some shallowing of the Moho is indicated close to the boundary.
Discussion
It is interesting to compare the results from T1 with those from a refraction experiment intentionally carried out across a passive continental margin in the Bay of Biscay (Avedik & Howard 1979; Montadert et al. 1979; Avedik et al. 1982) . The results from that experiment indicated a remarkably narrow transition between oceanic and continental crust. They also indicated, that, due to extreme thinning of the continental crust close to the boundary, the Moho can be almost at the same level on either side of the boundary. The extremely thinned continental crust appears to have a somewhat inhomogeneous seismic velocity structure, probably largely due t o the presence of listric faulting.
Like the Biscay margin results, line TI also displays a Moho at similar depth on each side of the transition. A major difference between the two experiments, however, is that the refraction lines on the Bay of Biscay margin were deliberately shot parallel to geological strike so as to minimize heterogeneity along the line. T1 was inadvertently shot across a discontinuity and heterogeneity is apparently maximized along the line. What is particularly interesting about this difference is that both lines were shot at right angles to the apparent axis of maximum extension. The Bay of Biscay ocean-continent boundary is therefore perpendicular to the direction of stretching, whereas the discontinuity on our line T1 appears to be more nearly parallel to it, suggesting a strike-slip origin for the latter. If so, it may resemble the lateral offset on a continent-ocean boundary described by Roberts, Montadert & Searle (1979) at the SW corner of the Hatton-Rockall Bank. It is not clear whether the very shallow mantle seen here at the transition zone corresponds to that observed below oceanic fracture zones elsewhere (e.g. Detrick & Purdy 1980; Sinha & Louden 1983) . It is noteworthy, however, that this discontinuity corresponds in latitude to a major offset in the continental shelf. The Baronie Seamount, a block of continental material which forms part of the sediment trap for the Sardinia basin, juts out into the Cornaglia basin just north of the discontinuity, to the west of our refraction line.
The distribution of rock types recovered from the seabed suggests that this discontinuity may not be only a local feature. North of 40"N, basement rocks are mainly of continental origin. South of that latitude, alkali basalts and tholeiites predominate (Fig. 1) . The new seismic results from line T2 and the southern half of line T1 suggest that oceanic crust extends from the mid-point of line T1 southwards and eastwards to Marsili Seamount and beyond. By contrast, the results from the northern half of line T1 suggest that much of the northern half of the Tyrrhenian basin is underlain by unusually thin continental crust, interspersed with blocks of thicker continental crust which form the non-magnetic seamounts of the northern Tyrrhenian.
Such an interpretation is consistent with previous refraction results (Fig. 2) . The only previous experiments that unambiguously indicate oceanic crust are lines R2 and R3 of Recq et al. (1984) . Lines 2-79 and 5-79 of Nicolich (1981) are apparently located on thicker, probably continental crust, while line 5-80, reported in the same paper, appears to cross an ocean-continent boundary. None of the other lines have sufficient data at long ranges to Seismic refraction in the Tyrrhenian Sea 155 define adequately the total crustal structure and thickness. On the basis of the available wide-angle seismic data, bathymetry, and the distribution of recovered basement rock types, it is possible to speculate on the probably extent of laterally continuous oceanic crust in the Tyrrhenian basin (Fig. 12) . Its likely extent is indicated by the stippled region. It includes lines R2, R3 and T2 and the south-western ends of T1 and 5-80, the seamounts Magnaghi, Vavilov and Marsili, and most of the area bounded by the 3 km isobath. The continental area includes the north-eastern ends of T1 and 5-80, the non-magnetic seamounts and the northern part of the area enclosed by the 3 km isobath.
This interpretation implies a much greater degree of extension in the southern part of the Tyrrhenian than in the north. Some authors have argued on the basis of palaeomagnetic data that Sicily and the Italian peninsular have rotated as a single block since late Cretaceous times (e.g. Channel1 1977; Van den Berg & Wonders 1976) . However on the basis of a more recent palaeomagnetic study in Sicily, Besse er al. (1984) have concluded that a 1.5" anticlockwise rotation of Sicily relative to Africa has occurred since the late Miocene, accompanied by significant internal deformation of the Italian peninsular. This latter conclusion is more consistent with our observation of much greater extension in the south than in the north.
The extensional origin of the Tyrrhenian basin has led many authors to suggest a formation mechanism similar to that of the back-arc marginal basins of the western Pacific (Boccaletti & Guazzone 1972; Bousquet 1973; Boccaletti & Manetti 1978) . In such a model, the limited amount of intracontinental extension which led to the formation of the northern part of the Tyrrhenian corresponds to the pre-seafloor spreading stage of back-arc basin development, related to the generally eastward migration of the northern Appenine arc (Boccaletti & Guazzone 1972) . Extension in this region must post-date the final stages of extension in the Balearic basin, and the subsequent closure of the Corsican and Sardinian blocks against the Italian peninsula in early Miocene times (Biju-Duval et al. 1978; Besse etal. 1984) .
By contrast with the limited extension in the north, the much greater degree of extension in the south-eastern part of the Tyrrhenian corresponds to a more advanced stage of basin development, including the widespread creation of new oceanic lithosphere. The formation since Miocene times of this southern Tyrrhenian, oceanic, back-arc basin can be related to the south-eastward migration during the same period of the still active Calabrian arc (Boccaletti & Manetti 1978) .
There are several similarities between the structure of the southern Tyrrhenian basin and those of the back-arc basins of the western Pacific which also suggest similar origins. In particular, (a) the low ratio of layer 3 thickness to layer 2 thickness observed on line T2, and (b) sediment-corrected basement depths in the southern Tyrrhenian which are almost 500 m deeper than predictions based on world-wide depth versus age averages are features which are common to many back-arc basins (Louden 1980) . It is also the case that most small, backarc basins do not show well-developed seafloor spreading magnetic anomalies.
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Conclusions
The results of the foregoing seismic analysis and discussion can be summarized as follows:
(1) Much of the northern part of the Tyrrhenian basin is underlain by a heterogeneous mixture of highly stretched and thinned continental crust similar to that seen on the northern half of line T1, and thicker blocks of continental material which form the nonmagnetic seamounts, possibly interspersed in places with minor amounts of young oceanic crust. The continental material has been thinned to such a degree that in some places the Moho is no deeper than 10 km below the sea surface.
(2) The crust in the deepest part of the basin beneath line T2 is oceanic in nature. Our experiment has revealed a structure in which an upper crustal layer characterized by a steep velocity gradient (3.5 to over 6 km s-l) overlies a lower layer with a smaller velocity gradient (6.6-6.9 km s-' ), which overlies the upper mantle with a velocity of 8.0 km s-lsimilar to the structures observed elsewhere in oceanic crust. The crust here contains substantial small-scale heterogeneity in the form of irregular lateral velocity gradients, especially at the top of layer 2 ; variation in thickness of layers 2 and 3 ; some variation in total crustal thickness; and substantial basement relief, much of which is masked by sedimentation. Local heterogeneity on the scale of that observed below T2 is likely to be the cause of the apparent differences between refraction results previously reported elsewhere in the southern and eastern Tyrrhenian.
( 3 ) Despite the lateral variability, our results suggest that the entire south-central part of the deep basin, and in particular most of the area enclosed by the 3 km isobath, is underlain by laterally continuous oceanic crust. While the absence of a clearly defined ridge system, the concave bathymetry of the basin, and the absence of linear magnetic anomalies suggest that 'typical' seafloor spreading organized around a simple ridge and transform geometry has not occurred here, it is probably unreasonable to expect such a small basin to have developed all the characteristics of a major ocean basin over a small area and period of time. The main tholeiitic seamounts (Marsili, Vavilov and Magnaghi) almost certainly indicate the occurrence of substantial (if not linearly symmetric) volcanic outpouring during seafloor spreading.
(4) At the western margin of the basin, the boundary between the northern and southern types of crust is remarkably sharp, as indicated by line T1. On this line the seabed and the base of the crust occur at the same depths on either side of the boundary -so at least locally, continental crust has been thinned until its thickness is no greater than that of the adjacent oceanic crust.
(5) Bounds on the age of the basins are suggested by the presence of Messinian evaporites which have substantial thickness only in the western part of the basin. That part of the basin is thus at least pre-Messinian and probably 7-1 2 Myr old. Ages of DSDP samples and dredge samples from seamounts farther east suggest a younger age, 3-8 Myr. The heat flow data of Hutchison et at. (1985) are consistent with these ages, and show a trend towards higher values from NW to SE.
An age of approximately 12 Myr for the westernmost part of the basin, compared with 8 Myr or less for the central and SE parts suggest that the basin would have been approximately 400 m deeper in the west at the start of the Messinian. Assuming that salt would be deposited first in the deepest part of the basin (Hsii et al. 1973 ), a total thickness of 700 m would be required to equalize the seafloor depths by local isostatic adjustment. Subsequent thermal subsidence would be less in the older, western part of the basin, because of the (age)'12 relationship. This would eventually allow it to become shallower than the younger parts of the basin further east.
(6) The presence of oceanic crust directly underlying evaporites along line TI favours the desiccated deep basin model of evaporite formation . The variation in evaporite thickness in the Cornaglia Basin suggests major pre-depositional tectonic activity although some syn-depositional activity cannot be ruled out. Major post-depositional deformation seems unlikely in view of the fact that the Messinian evaporites have a fairly level upper surface, and that they have not dissolved altogether.
In light of the foregoing, we propose the following model for the formation of the Tyrrhenian basin.
(a) The basin began to open in late Miocene, pre-Messinian times. The initial phase of basin formation involved the stretching of continental lithosphere, inducing irregular thinning followed by rifting. In the northern ha!f of the Tyrrhenian, this led to the separation of moderately thinned blocks of continental material which now form the nonmagnetic seamounts by areas of more extremely thinned continental crust, and possibly to localized occurrences of seafloor spreading. The continental area being stretched must have included what are now the continental shelves of Calabria, Italy, Sardinia, Corsica and Sicily, plus much of the floor of the present northern Tyrrhenian basin.
(b) Further south, the greater degree of extension in the wake of the south-eastwardmigrating Calabro-Sicilian arc-trench system rapidly led to the widespread creation of new, oceanic lithosphere. This occurred first close to the continental margin of Sardinia, on what is now the western side of the southern Tyrrhenian basin.
(c) Deposition of the Messinian evaporites occurred only in the deepest parts of the basin, with substantial thicknesses of Miocene sediments being confined to the older, western part of the Tyrrhenian.
(d) Extension continued into the Pliocene with the locus of crustal accretion irregularly migrating t o the south and east, but on a temporal and spatial scale precluding the formation of a recognizable ridge or magnetic anomalies. Occasional massive outpouring resulted in the creation of the tholeiitic seamounts, Magnaghi, Vavilov and Marsili.
While this experiment has demonstrated that the crust below the Tyrrhenian Sea is a good deal more systematic than had previously been believed, it is not clear that seismic studies will ever be able, in the absence of identifiable linear magnetic anomalies, t o determine the precise order in which the development of the basin proceeded. However, it is clear that if wide-angle seismics are able to reveal the exact location of the continent-ocean boundary, as they have done below T1, then other carefully located refraction lines, interpreted using laterally varying structures, may be useful in further constraining the structure and evolution of the Tyrrhenian basin.
